Impact of SMAP Soil Moisture Assimilation on Numerical Weather Forecasts over the Contiguous United States and East Africa by Hain, Christopher et al.
Impact of SMAP Soil Moisture Assimilation 
on Numerical Weather Forecasts over the 
Contiguous United States and and East 
Africa
Clay Blankenship
Jonathan Case
Christopher Hain
SPoRT
NASA-MSFC, Huntsville, Alabama
https://ntrs.nasa.gov/search.jsp?R=20180008538 2019-08-31T17:26:38+00:00Z
Assimilate SMAP L2 retrievals of soil moisture (9km Enhanced) into 
the Noah LSM within the Land Information System
•Data assimilation via Ensemble Kalman Filter
•Baseline is existing SPoRT LIS run in CONUS and East Africa
•Builds on experience assimilating SMOS
•Assess impact of SMAP on soil moisture
Initialize NWP Forecasts with SPoRT LIS and SMAP LIS
•Investigate impact of SMAP DA on WRF forecasts
•Case studies and statistical verification
Overview of Project
 Framework for running LSMs incorporating a wide variety of 
meteorological forcing data and land surface parameters
 Developed by NASA-GSFC
 Includes data assimilation capability.
 Can be run coupled with Advanced Research WRF.
 Using Noah 3.3 Land Surface Model (LSM) within LIS
 Build on SPoRT’s near-real-time and experimental LIS runs
 3-km CONUS, shared with WFO’s
 East Africa, shared with Kenya Meteorological Service (KMS)
Land Information System (LIS)
SPoRT-LIS total column soil 
moisture displayed in AWIPS II
East Africa LIS domain
References: 
Kumar et al. (2006)
Peters-Lidard et al. (2007)
• Added a module to assimilate SMAP L2 retrievals.
SMAP DA products are running in near-real-
time and available online
SPORT web page 
(weather.msfc.nasa.gov)
-> Real-Time Data
-> Land Information System
-> SPoRT-LIS + SMAP DA
~12-h latency with
SMAP_L2_SM_P_E dataset (Level 2 
Enhanced 9 km Passive)
Planning to use Near-Real-Time 
Retrievals to achieve 3-h latency

DA Methodology Refinement
Modeling/DA settings examined
• Precipitation forcing dataset
• Number/depth of model layers
• Bias corrections
• Number of ensemble members
• Magnitude/correlation length of ensemble perturbations
• Assimilation systems assume unbiased observations
• LIS can apply point-by-point correction curves.  Many 
implementations generate climatologies of model and obs
at each grid point.
• A drawback of this approach is that it can’t correct model 
”climatology” errors
• We have implemented CDF matching aggregated by soil 
type 
• Described for SMOS in Blankenship et al. 2016 (IEEE TGRS)
• Non-local constraint allows observations to influence the 
model climatology. 
Other methods tested
• No correction
• Point-by-point
• Hybrid (matching soil type in 300-km neighborhood)
Bias Correction Correction Curves
By Soil Type
SMAP Assimilation Reduces Errors due to Poor QC in Forcing Data
0-10 cm Relative Soil Moisture (%)
12Z 2 Apr 2015
Baseline SPoRT LIS                            SPoRT LIS with SMAP DA
SMAP Retrieved Soil Moisture
0-5 cm, volumetric (m3/m3 x100)
Non-localized CDF-matching 
bias correction applied
LIS Difference
(SMAP DA Minus Baseline SPoRT)
• NLDAS-2 forcing data included data from 
a bad rain gauge (consistently near zero) 
in southern Arkansas causing an 
anomalously dry soil moisture “bullseye” 
(upper left, arrow).
• Through assimilation of SMAP L2 soil 
moisture fields, which do not exhibit this 
feature (lower left), this anomaly is 
reduced (upper right) to provide a more 
representative soil moisture field.  
• Snapshot is after first instance of 
assimilated data at this location. 
• This results in a more accurate depiction 
of local conditions.
• Possible due to the non-local bias 
correction method.
Credit:  Youlong Xia, Pingping Xie (NCEP/EMC); David Mocko (NASA/GSFC)
• Soil moisture discontinuities can occur 
in regions where different precipitation 
inputs are blended
• NLDAS-2 uses radar-derived 
precipitation over U.S. and reanalysis 
outside of U.S. 
• Results in anomalous dry conditions in 
southern Ontario (upper left, oval)
• SMAP retrieved soil moisture (lower left) 
does not have this feature.
• Through assimilation of SMAP L2 soil 
moisture fields, this anomaly disappears 
over time (upper right) to provide a more 
representative soil moisture field 
• Non-local bias correction allows SMAP 
observations to influence the 
climatology
• This should help better assess current 
regional conditions and provide more 
accurate initialization of NWP models.
Better Blending of Soil Moisture Across US-Canada Border
0-2 m Column Integrated Relative Soil Moisture (%)
12Z 4 Jun 2016
Baseline SPoRT LIS                            SPoRT LIS with SMAP DA
SMAP Retrieved Soil Moisture
0-5 cm, volumetric (m3/m3 x100)
Non-localized CDF-matching 
bias correction applied
LIS Difference
(SMAP DA Minus Baseline SPoRT)
Column Integrated RSM (%)
Credit:  Youlong Xia, Pingping Xie (NCEP/EMC); David Mocko (NASA/GSFC)
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Correlations mixed (2015 worse, 2016 better)
• April 2015-October 2016 (two warm seasons)
• Initialized from existing SPoRT LIS run (many years spinup)
• One-month ensemble perturbations to start data assimilation ensembles
• Validation April-October 2015/2016 for SCAN/USCRN sites
• Compare model run assimilating SMAP L2 Enhanced Retrievals to control run (No DA)
• Also intercompare bias correction methods
• Experiments
• SPoRT-LIS (control)
• DA with No Bias Correction
• Soil-type Bias Correction
• Standard (point by point CDF matching)
• Radius-limited (300 km) soil type correction
• Validation is vs. in situ stations (SCAN, USCRN), which have representativeness 
error and possible bias due to depth of measurement
Soil Moisture Verification: Summary of Experiments
Validation Results (SMAP DA) • Corr increases from .79 to .84 (NOBC)
• ubRMSE decreases from .054 to .043
Overall Summary Error Statistics: Bias
• Correction is to the model climatology rather than the in situ observations, explaining why the “No BC” run 
can have lower bias.
Overall Summary Error Statistics: RMSE/ubRMSE
• Generally small changes from DA.
• Radius-limited soil-type correction (RADBC) best DA run for ubRMSE of surface layer.
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Overall Summary Error Statistics: Correlation
• Generally negative impact from DA (hard to improve on current model+forcing)
• Radius-limited soil type bias correction (RADBC) performs best among DA methods.
Surface Layer Anomaly Correlation by Region
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Correlations generally better in wetter areas. RADBC performance is good across regions.
Results of Bias Correction Experiments
• Caveats
• Model/Forcing data are already high quality (in CONUS)
• Optimizing a correction
• Significant representativeness errors for point sites
• Best scores for correlations and ubRMSE was “RADBC”, a CDF-
Matching correction using a database of all grid cells with similar soil 
type with a 300-km radius
• Allows for local long-term average SM to adjust.
• Using this correction for the NWP experiments.
NASA Unified-WRF (NU-WRF) model runs: 
Model configuration and experiment details
• Domain/grid set up (images at right)
• Contiguous U.S. at 9-km horizontal grid spacing
• Convection-allowing 3-km mesh nested grid
• 48-hour forecasts 
• 0000 UTC 6 May to 1200 UTC 8 May
• Initialized at 0000 UTC 6 May 2015
• Initial/boundary conditions from NCEP 
Global Forecast System model
• Model physics parameterization choices
• Noah land surface model (same as in LIS runs)
• Convection: Scale-aware Kain-Fritsch (9-km grid only)
• Planetary Boundary Layer: Yonsei University scheme
• Microphysics: NASA/Goddard 4-ice parameterization
• Radiation: NASA/Goddard short- and long-wave radiation schemes
• Two land surface initialization simulations
• “sportlis”: 0-h land surface fields from SPoRT’s “operational” LIS run; no DA
• “smapenhda”: 0-h land surface fields from SMAP-Enhanced DA LIS run
9-km primary grid
3-km nested grid
Case Study: 13-14 July 2016 severe squall line
00z 13 July Soil Moisture Initialization Differences:
0-10 cm volumetric soil moisture
• Drier signal in Midwest/Cornbelt;
• More moist in SE Canada (corrected dry artifact in SPoRT-LIS soils)
00z 13 July Soil Moisture Initialization Differences:
10-40 cm volumetric soil moisture
• Drier signal in Midwest/Cornbelt;
• More moist in SE Canada (corrected dry artifact in SPoRT-LIS soils)
00z 13 July Soil Moisture Initialization Differences:
40-100 cm volumetric soil moisture
• Drier signal in Midwest/Cornbelt;
• More moist in SE Canada (corrected dry artifact in SPoRT-LIS soils)
13 July 2-m Temp/Dewp/SBCAPE Differences:
15-h forecast valid 15z 13 July
• Warmer/drier/less unstable in Midwest/Cornbelt;
• Cooler/more moist/more unstable in SE Canada
~9am local time
13 July 2-m Temp/Dewp/SBCAPE Differences:
18-h forecast valid 18z 13 July
• Warmer/drier/less unstable in Midwest/Cornbelt;
• Cooler/more moist/more unstable in SE Canada
~noon local time
13 July 2-m Temp/Dewp/SBCAPE Differences:
21-h forecast valid 21z 13 July
• Warmer/drier/less unstable in Midwest/Cornbelt;
• Cooler/more moist/more unstable in SE Canada
~3pm local time
• SMAP assimilation improves timing 
and shape of forecast squall line
• Quantitative validation planned over 
2 warm seasons in CONUS
• East Africa domain experiments to 
follow
• Future work can investigate impact 
of CYGNSS, NISAR, etc.
Impact of SMAP Assimilation in LIS for 
Numerical Weather Prediction
• Running LIS without and with SMAP 
soil moisture assimilation
• Use LIS output to initialize WRF 48-h 
forecast (NU-WRF)
• Validate forecast reflectivity against 
radar observations
Radar Mosaic for Validation
SPoRT LIS LIS with SMAP DA
2-m Temp and Dewp Mean Error (3-km nest)
• The Midwest region where squall line develops and 
propagates eastward experiences improvement
in day1 daytime 2-m Temp bias and especially Dewp. 
(black ovals)
• Slight improvement in day2 daytime cool bias, but some 
degradation in dry bias (blue ovals)
6-7 May 2015 Southern Plains tornado outbreak:
NASA Unified-WRF (NU-WRF) sensitivity simulations
NASA Unified-WRF (NU-WRF) model runs: 
Soil Moisture Initial Condition Differences on 3-km nest
Top soil layer (0-10 cm) Soil layer 2 (10-40 cm)
Soil layer 3 (40-100 cm)
SMAP-Enhanced data assimilation
run generally produced drier
soil moisture fields than sportlis.
NASA Unified-WRF (NU-WRF) model runs: 
Slight improvement in simulated convective evolution
2-m Temperature 2-m Dewpoint Temperature
Sfc-based Convective Available Potential Energy
smapenhda-initialized NU-WRF runs
generally simulated warmer/drier
daytime temperatures/dewpoints,
with slightly lower instability where
convection/supercells developed.
**All simulated fields shown are
from the 21-hour NU-WRF forecast,
valid on 2100 UTC 6 May 2017
NASA Unified-WRF (NU-WRF) model runs: 
Slight improvement in simulated convective evolution
sportlis-initialized NU-WRF run smapenhda-initialized NU-WRF run
Observed regional radar reflectivity (dBZ)
smapenhda-initialized NU-WRF runs
more correctly retained convection 
in southern OK and northern TX into
the overnight hours of 7 May 2015.
24-hour NU-WRF forecasts
and observed radar imagery
valid at 0000 UTC 7 May 2015
NASA Unified-WRF (NU-WRF) model runs: 
Slight improvement in simulated convective evolution
Observed regional radar reflectivity (dBZ)
smapenhda-initialized NU-WRF runs
more correctly retained convection 
in southern OK and northern TX into
the overnight hours of 7 May 2015.
25-hour NU-WRF forecasts
and observed radar imagery
valid at 0100 UTC 7 May 2015
sportlis-initialized NU-WRF run smapenhda-initialized NU-WRF run
NASA Unified-WRF (NU-WRF) model runs: 
Slight improvement in simulated convective evolution
Observed regional radar reflectivity (dBZ)
smapenhda-initialized NU-WRF runs
more correctly retained convection 
in southern OK and northern TX into
the overnight hours of 7 May 2015.
26-hour NU-WRF forecasts
and observed radar imagery
valid at 0200 UTC 7 May 2015
sportlis-initialized NU-WRF run smapenhda-initialized NU-WRF run
NASA Unified-WRF (NU-WRF) model runs: 
Slight improvement in simulated convective evolution
Observed regional radar reflectivity (dBZ)
smapenhda-initialized NU-WRF runs
more correctly retained convection 
in southern OK and northern TX into
the overnight hours of 7 May 2015.
27-hour NU-WRF forecasts
and observed radar imagery
valid at 0300 UTC 7 May 2015
sportlis-initialized NU-WRF run smapenhda-initialized NU-WRF run
NASA Unified-WRF (NU-WRF) model runs: 
Slight improvement in simulated convective evolution
Observed regional radar reflectivity (dBZ)
smapenhda-initialized NU-WRF runs
more correctly retained convection 
in southern OK and northern TX into
the overnight hours of 7 May 2015.
28-hour NU-WRF forecasts
and observed radar imagery
valid at 0400 UTC 7 May 2015
sportlis-initialized NU-WRF run smapenhda-initialized NU-WRF run
NASA Unified-WRF (NU-WRF) model runs: 
Slight improvement in simulated convective evolution
Observed regional radar reflectivity (dBZ)
smapenhda-initialized NU-WRF runs
more correctly retained convection 
in southern OK and northern TX into
the overnight hours of 7 May 2015.
29-hour NU-WRF forecasts
and observed radar imagery
valid at 0500 UTC 7 May 2015
sportlis-initialized NU-WRF run smapenhda-initialized NU-WRF run
NASA Unified-WRF (NU-WRF) model runs: 
Slight improvement in simulated convective evolution
Observed regional radar reflectivity (dBZ)
smapenhda-initialized NU-WRF runs
more correctly retained convection 
in southern OK and northern TX into
the overnight hours of 7 May 2015.
30-hour NU-WRF forecasts
and observed radar imagery
valid at 0600 UTC 7 May 2015
sportlis-initialized NU-WRF run smapenhda-initialized NU-WRF run
Verification Plan for SMAP 
DA NWP Impact Simulations
CONUS and East Africa Control- and SMAPENHDA-initialized NU-WRF 
model runs
Dynamic scripts to easily 
run the software
• Model Evaluation Tools (MET) is a software package developed by 
NCAR that contains a number of executable programs that will:
Reformat observations
Match model grid 
to observations                                            
Perform statistical evaluation
• SPoRT-MET scripts
Wrapper scripts to 
handle data pre-processing,
process flow, and
aggregating statistics
SPoRT-MET Scripts
Open-source plotting scripts 
to visualize statistics
Prepare point 
observations from 
MADIS (U.S.) and 
PREPBUFR (Global) files
CONUS NU-WRF Simulation Verification
 Point Forecast Verification (T, Td, winds)
• Data source: NCEP Meteorological Assimilation Data Ingest System (MADIS) 
surface, upper-air, and cooperative mesonet observations
• Run through NCAR/NCEP Model Evaluation Tools (MET) using SPoRT-MET python 
scripting package
 Interpolate NU-WRF 9-km/3-km model grid forecast data to point locations
Generate statistics on model grids and mask by 14 NCEP/EMC verification regions
Gridded Precipitation Verification (1, 3, 6, 12, 24h accumulation intervals)
• Data source: Multi-Radar Multi-Sensor (MRMS) radar+gauge-corrected
hourly precipitation analyses
• Run through MET using SPoRT-MET scripting package
Upscale MRMS precipitation to 9-km and 3-km model grids
Generate statistics by grid point, and in neighborhood windows of ± 9km and ± 27km
Neighborhood verification determines how accurately the model can predict accumulated 
precipitation thresholds within a certain distance of a point
NCEP/EMC 14 Verification Regions over CONUS
48-hr forecast verification
May 2015
All points, CONUS inner nest 
SMAP runs are drier
Daytime temperature warm bias reduced
Night 2 cold bias slightly reduced
2 m Temperature Bias (0-48h)
2 m Dewpoint Bias (0-48 h)
Northern Plains
Southern Plains Southeast Coast
Midwest
2 m Dewpoint Bias (0-48h)
Northern Plains
Southern Plains Southeast Coast
Midwest
2 m Temperature Bias (0-48h)
Metrics for Precipitation Verification
Critical Success Index (combines hit rate and false alarms)
Heidke Skill Score (relative improvement over chance forecast)
Frequency Bias (ratio of forecast/actual events)
Plan: Make a “scorecard” of which forecast does better on more metrics
Parameters
Forecast Region
Time Period (Month)
Precipitation Threshold (1, 5, 10, 25 cm)
Accumulation Interval (1, 3, 6, 12, 24 hr)
Box size (1x1, 7x7, 19x19)
Precipitation Validation Example Plot
East Africa LIS Runs
East Africa LIS domain
2 COSMOS probes located in Kenya
5 more are located in or near South Africa, not 
in initial domain.  
Intercomparison of Precipitation Forcing 
• NLDAS2 not available outside of North America
• CONUS Modeling Results indicate NLDAS2>IMERG>GDAS
Correlation
Open Loop DA Run 
opl_NLDAS2   0.766 0.742
opl_imerg 0.696 0.692
opl_gdas 0.623 0.652
Running East Africa IMERG-Late forcing 
Room for improvement compared to NLDAS2.
Validation will be against IMERG-Final.
Mpala North COSMIC Site, 2016 Validation
• Sensor effective depth varies from roughly 
15 to 30 cm
• Model data is interpolated to sensor depth 
using top 2 layers (0-10, 10-40 cm)
• Radius-limited soil type bias correction 
applied
• Bias, rms improve
• Correlation improves slightly
KLEE COSMIC Site, 2016 Validation
• Sensor effective depth varies from 
roughly 18 to 28 cm
• Model data is interpolated to 
sensor depth using top 2 layers (0-
10, 10-40 cm)
• Radius-limited soil type bias 
correction applied
• Bias, rms improve
• Correlation degrades slightly
East Africa Verification Regions
Domain 1 (9 km) Nested domain 2 (3 km) And masked by country
East Africa NU-WRF Simulation Verification
 Point Forecast Verification (T, Td, winds)
• Data source: Global Data Assimilation System (GDAS) PREPBUFR files containing 
surface and upper-air observations
• Run through NCAR/NCEP Model Evaluation Tools (MET) using SPoRT-MET python 
scripting package
 Interpolate NU-WRF 9-km/3-km model grid forecast data to point locations
Generate statistics on model grids and mask by country
Gridded Precipitation Verification (1, 3, 6, 12, 24h accumulation intervals)
• Data source: GPM/IMERG-Final half-hourly precipitation rates, converted to hourly 
accumulations, sub-set over East Africa region, and output in GRIB2 format
• Run through MET using SPoRT-MET scripting package
Upscale model accumulated precipitation grids to IMERG 0.1-deg subset grid
Generate statistics by grid point, and in neighborhood windows of ± 0.1-deg and ± 0.3-deg
Neighborhood verification determines how accurately the model can predict accumulated 
precipitation thresholds within a certain distance of a point
Questions and Comments?
clay.blankenship@nasa.gov
http://weather.msfc.nasa.gov/sport/
Facebook: NASA.SPoRT
Twitter: @NASA_SPoRT
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